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Abaqus/Standard Simulation of Ground Subsidence

Summary

Extraction of oil and gas from an underground reservoir
alters the pore pressure distribution in the reservoir stra-
ta. Modifications in pore pressure can lead to plastic de-
formation in the strata, which can in turn modify the
pore fluid flow and lead to ground subsidence.

Since subsidence can affect the operability of equipment
on the ground as well as the safety of buildings and
structures, it needs to be accurately predicted and kept
within limits. In this Technology Brief, we present a
method for predicting the rock deformation and ground
subsidence resulting from oil and gas extraction.

Background

The oil and gas fluids in an underground reservoir are un-
der pressure, and this pressure is released or altered
when the fluids are extracted. The fluid pressure can be
affected by the permeability and compaction properties
of the rock, the locations of the bore holes, and the spe-
cific extraction and recovery procedures employed.

As the fluids are extracted, the reservoir rock deforms and
undergoes a change in its porosity, which then leads to
modifications in the permeability. The phenomena of flu-
id flow and rock deformation are thus coupled; the fluid
flow leads to deformations, which in turn can affect the
fluid flow. Simulation of a coupled reservoir geomechan-
ics system would therefore require one to take into ac-
count the movement of the different fluids as well as the
inelastic deformations in the rock.

The simulation of the flow of different fluids within the
reservoir is itself a complex problem, and sophisticated
tools that are specifically designed to address flow com-
plexities such as phase changes and miscibility are availa-
ble. However, these tools may not directly include defor-
mations in the rock and their effect on the fluid flow.
Abaqus, on the other hand, is well suited for modeling
inelastic deformations in the rock, but is not able to simu-
late the multiphase complexities in the fluid flow regime.

We can, however, combine the strengths of different
tools. For example, using a reservoir flow simulation code,
the flow problem can be solved to compute the pore pres-
sure depletion history; Abaqus can then be used to com-
pute the inelastic deformation in the reservoir rock. A
methodology based on this approach is described in [1],
wherein the flow simulation is performed using ECLIPSE
(available from Schlumberger, Ltd.), and the geomechan-
ics simulation is performed using Abaqus/Standard.

The approach taken in [1] involves considerable manual
effort to create and modify the finite element mesh and
transfer the pore pressures from ECLIPSE to Abaqus.
However, as explained in [2], it is now possible to auto-
mate several of these tasks using more recent capabilities
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Figure 1: A representative oil and gas reservoir model. The reser-
voir region is shown in red and the surrounding geological lay-
ers are shown with independent colors.

Key Abaqus Features and Benefits

Fully coupled displacement-pore fluid flow solu-
tion method in Abaqus/Standard

Geomechanics material models

Submodeling technique to drive detailed local
models from global model results

Python scripting for automation of modeling
and job submission tasks

available in Abaqus. In this Technology Brief we describe
a representative reservoir geomechanics application that
uses these new capabilities.

Finite Element Model

We assume that a flow simulation has been performed
using ECLIPSE and the pore pressure depletion history is
available. For this Technology Brief we use the data for
the PUNQ reservoir [1]. Using a translator, an Abaqus
output database is created from the ECLIPSE flow simula-
tion results. This output database contains the finite ele-
ment mesh data, the initial values of porosity and void
ratio, as well as the pore pressure history.

Abaqus can represent only a single fluid within each finite
element. Therefore, even though multiple fluids exist in
each flow simulation grid cell, the appropriate fluid to be
used for each finite element must be selected. Using the
fluid saturation values and the grid cell volume data, the
translator automatically locates and designates regions
that are principally gas-bearing, oil-bearing, or water-
bearing for each reservoir layer. The specific weight val-



Figure 2: Finite element mesh of the PUNQ reservoir obtained
from the flow simulation grid. Gas-filled regions are colored red,
oil-filled regions brown, and water-filled regions dark grey. The

reservoir consists of five layers, as shown in the zoomed view.

ues of the fluid are also derived and written to the output
database. The output database is then imported into
Abaqus/CAE. Figure 2 shows the finite element mesh
output by the translator, highlighting the regions deter-
mined to contain gas, oil, and water.

A script is used in Abaqus/CAE to manage the sequence
of operations used to modify the mesh and to specify
density, specific weight, material properties, initial condi-
tions, and boundary conditions. The mesh is first edited,
mainly to merge extremely thin layers in the reservoir.
For example, layer 2, which is the second layer from the
top of the reservoir, is found to be very thin in some re-
gions and is hence merged with layer 3. Figure 3 shows a
zoomed view of the unedited mesh on the left and the
edited mesh on the right.

Layers of elements are then added below, on the sides,
and on top of the reservoir mesh to represent the under,
side, and over burden regions, respectively. The grid for
these regions is not present in the original flow simula-
tion model and hence no corresponding mesh is present
in the output database created by the translator. Figure 4
shows the mesh after adding elements to represent the
burden regions. The burden regions are added such that
the top surface of the model is located at ground level and
the bottom surface at a depth of 5.0 km. The final dimen-
sions of the model then become 15.0 km x 13.5 km in the
horizontal plane. Material density is specified using distri-
butions that are created by the script based on an analyti-
cal function. Gravity loading is then applied.

Initial and Boundary Conditions

Initial stress, pore pressure, and void ratio conditions are
specified. The initial void ratios and pore pressures are
read directly from the output database created by the
translator. Initial stresses are specified as a piece-wise
linear distribution through the model depth.

—

Figure 3: Zoomed views of the finite element mesh before editing
(left) and after layers 2 and 3 from the top are merged (right).

Figure 4: Finite element mesh after the addition of elements
representing the under, side, and over burden regions. The fluid-
containing region of the reservoir is colored red.

Displacements normal to the side and bottom boundary
surfaces are specified as zero. The submodeling technique
is used to specify pore pressure boundary conditions in
the reservoir region. Pore pressure values within the res-
ervoir are driven by the values computed from the flow
simulation; these are available in the output database cre-
ated by the translator. As pore pressures are specified at
all nodes that have pore pressure degrees of freedom, the
permeability values used for the analysis are inconse-
quential.

Material Properties and Analysis

The geomechanics simulation involves two distinct anal-
yses. An elastic geostatic analysis is first performed to
obtain the vertical stress distribution. For this analysis the
porous reservoir rock is modeled as porous elastic. Non-
porous regions, including the under, side, and over bur-
den regions are modeled as linear elastic. The analysis is
allowed to iterate until the displacements obtained for
the applied gravity load are nearly zero. This analysis thus
provides the stress distribution that equilibrates the ap-
plied loading and boundary conditions.

For the subsequent analysis the reservoir rock is modeled
as elastoplastic, using the clay plasticity material model
with exponential hardening. The vertical stress values
obtained from the elastic analysis are used to compute
the compressibility values of the reservoir rock; these val-
ues are then used to compute the logarithmic plastic bulk
modulus, and also update the logarithmic elastic bulk
modulus for the porous region. The compressibility values
are also used to update the linear elastic properties of the
nonporous regions including those of the under, side, and
over burden regions. A steady-state coupled pore fluid
flow displacement analysis using these elastoplastic ma-
terial properties is then performed for 30 time increments
representing 30 time-history pore pressure depletion da-
ta sets obtained from the flow simulation. Displacements
and plastic strain values for the reservoir and the sur-
rounding burden regions are obtained from this analysis.

Results and Discussion

The mesh used for the geomechanics analysis is different
from the mesh derived from the flow simulation grid. In
particular, layers 2 and 3 in the flow simulation grid have
been merged in the mesh used for the geomechanics
analysis. Variables, including pore pressures and initial
void ratios, hence, need to be accurately transferred from
one mesh to the other. Mapping functionalities available
in Abaqus can be used to transfer these data values. Fig-
ure 5 shows a comparison of the initial void ratio distribu-
tion in the two meshes. The void ratio values are consist-
ently mapped from one mesh to the other.

Figure 6 shows contours of pore pressure at the end of
the flow simulation and at the end of the elastoplastic
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Figure 5: Initial values of void ratio from flow simulation (left)
and after mapping onto the finite element mesh (right)

geomechanics analysis. The pore pressure values in the
geomechanics simulation are consistent with the sub-
modeling-driven boundary conditions used for the analy-
sis.

Figure 7 shows contours of displacement in the vertical
direction in the reservoir region at the end of the analysis.
The top surface of the reservoir settles downwards and
the maximum value is about 4 cm.

Figure 8 shows the contours of plastic strain in the verti-
cal direction at two time instances, at 50% of the total
depletion time, and at the end of depletion. These are
plotted on plan views of the fluid-containing region of the
reservoir. The plastic strain magnitude increases with
time, indicating that the fluid-containing region of the
reservoir gets compacted as fluids are extracted.

Figure 9 shows the contours of vertical displacement of
the ground. A maximum subsidence of about 2.5 cm is
obtained just above the reservoir. The subsidence values
decrease with distance away from this location.

Figure 10 shows contours of vertical displacement of the
ground displayed on the model in plan view. The fluid-
containing region of the reservoir is colored red. Displace-
ment contour lines of -0.5 mm and —2.5 mm have been
highlighted in this figure. The ground subsidence de-
creases rapidly with distance away from its maximum
location just above the reservoir. The subsidence is less
than a millimeter at a horizontal distance of approximate-

Figure 6: Pore pressure (Pa) at the end of the flow simulation
(left) and at the end of the eléagtgp)/astic geomechanics analysis
right,

Figure 7: Vertical displacement (m) in the reservoir region
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Figure 8: Plastic strain in the vertical direction at 50% depletion
(left), and at the end of depletion (right)

ly the horizontal span of the fluid-containing region of
the reservoir.

Figure 11 shows contours of vertical displacement of the
ground surface from the analysis presented in [1]. The
results show a strong correlation to the displacements in
Figure 10.

The methodology presented in this Technology Brief can
be used to compute reservoir compaction and surface
subsidence of the ground. Additionally, the geomechan-
ics model can be used as a global model to drive submod-
els for smaller scale applications such as bore-hole stabil-
ity. The method presented in this Technology Brief can
also be used as one of the components of an iteratively
coupled technique for reservoir geomechanics simulation.
In such a technique the modifications in void ratios aris-
ing from reservoir compaction are transferred to the flow
simulation code, which would then be able to modify the
flow permeability values for an incremental flow simula-
tion.
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Figure 9: Vertical displacement of the ground (m)
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Figure 10: Vertical displacement of the ground (m)

Figure 11: Vertical displacement of the ground from the analy-
sis presented in [1]
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